A protein, starch phosphorylase inhibitor, was purified from the root of sweet potato (Ipomoea batatas [L.] Lam. cv Tainon 65). It had a molecular weight of 250,000 and could be composed of five identical subunits. The isoelectric point of the inhibitor was 4.63. It was a noncompetitive inhibitor toward the sweet potato enzyme with a K; value of 1.3 x 10-' molar when glucose-l-P was the variable substrate. Because cross-reacting materials of rabbit antiphosphorylase inhibitor of sweet potato were found in three arbitrarily selected plant materials, viz. potato tuber, spinach leaf, and rice grain, the occurrence of this protein seemed universal in higher plants. By an immunofluorescence technique, the inhibitor was located in the amyloplast and cell wall where phosphorylase was also found. This implies that they may interact in vivo, and the inhibitor may play an unknown regulatory role apinst the plant enzyme.
Since its discovery from the extracts of potato and pea in 1940 (8) , starch phosphorylase (a-1,4-glucan:orthophosphate a-D-glucosyltransferase, EC 2.4.1.1) has been found in a variety ofplants including spinach, banana, sweet potato, algae, etc. (for review, see ref. 5) . It is generally regarded as a starch degrading enzyme although the possibility of its playing a synthetic role in some plants is also suggested (21) (22) (23) . Contrary to the plant enzyme, however, muscle glycogen phosphorylase is assigned a definite role of a-1,4-glucan breakdown in animals and is well known for being under allosteric control. Upon activation through a cascade of successive enzymic reactions, phosphorylase a is formed and catalyzes the conversion of glycogen and phosphate to glucose-I-P. However, for decades, plant biochemists and physiologists have failed to discover a similar regulatory mechanism with respect to plant phosphorylase (5) .
As a part ofour effort to elucidate the biochemical mechanism of rapwid starch accumulation in sweet potato root, starch phosphorylase was purified from it. The total enzyme activity increased about 3-fold after ion exchange chromatography, suggesting the presence of a phosphorylase inhibitor. Indeed, we were able to purify the inhibitor to homogeneity and studied its properties, subcellular localization and presence in plants other than sweet potato. was added to the supematant to 25% saturation (based on 697 g of (NH4)2S04 saturates 1 L of water at 0C). The precipitate which formed was removed by centrifugation. The supernatant was made to 45% (NH4)2S04 and the precipitate collected by centrifugation. The pellet was dissolved in a minimal amount of buffer A, dialyzed against the same buffer, and applied to a column of DEAE-Sephacel (Pharmacia) (2.6 x 30 cm) equilibrated with buffer A. After washing with 400 ml of the same buffer, the column was eluted with a linear gradient of 0 to 0.4 M NaCl in buffer A (total volume, 1 L), with a flow rate of 24 ml/h (8 ml/fraction) and finally eluted by 1 M NaCl. The fractions with the inhibitor activity were pooled and concentrated by ultrafiltration (Amicon, YM1O membrane). The concentrate was filtered through a column of Sephadex G-100 (1.6 x 97 cm) with buffer A as the eluant at a flow rate of 6 ml/h (4 ml/ fraction). The inhibitor emerged at the void volume and was found to be homogeneous at this stage. Protein was determined by the method of Lowry et al. (16) using BSA as the standard. Activity Assay. Phosphorylase inhibitor was assayed in the direction of glucan synthesis in a 0.25 ml reaction mixture containing 1 Mg purified sweet potato phosphorylase, 40 mM Mes-NaOH buffer (pH 5.9), 10 mm glucose-I-P (Sigma, No. G-6875), 0.3% (w/v) soluble starch, and 50 to 10 Mul of column effluent. After incubation at 37°C for 3 min, the Pi released was determined (3). One IU3 was defined as the amount of inhibitor which caused a decrease of 1 unit (1 ,umol Pi/min) of sweet potato starch phosphorylase.
MATERIALS AND METHODS
Polyacrylamide Gel Electrophoresis. All gels used were 0.8 mm thick. For mol wt determination, gradient polyacrylamide (pore-limit) gel was used (17, 24) . SDS-PAGE was carried out according to the method of Laemmli (13) . After electrophoresis, gels were stained with Coomassie brilliant blue and dried by the sandwich method (12 (23,000g, 15 min), and the supernatant was brought to 65% saturation with solid (NH4)2SO4. The precipitate was collected by centrifugation, dissolved in 1 ml of buffer A, and dialyzed against the same buffer. The dialyzed solutions were used directly for the detection of cross-reacting materials of rabbit antiphosphorylase inhibitor of sweet potato by double diffusion test.
RESULTS AND DISCUSSION Purification of Phosphorylase Inhibitor. Through steps of (NH4)2SO4 fractionation (25-45% saturation), DEAE-Sephacel ion exchange chromatography and Sephadex G-100 gel filtration (Fig. 1 ), phosphorylase inhibitor was purified to homogeneity. In the DEAE-Sephacel step, phosphorylase was eluted at 0.3 M NaCl (arrow, Fig. la) . The enzyme was purified to homogeneity by filtration through Sepharose CL-6B and rechromatography on DEAE-Sephacel. The inhibitor emerged at the void volume of the gel filtration step, indicating that a molecular sieve with a pore size larger than that of Sephadex G-100, such as Sepharose CL-6B, would be a better choice. The purification procedure was simple and about 5 mg of inhibitor were obtained from 300 g of sweet potato roots with a recovery of 66% and a purification of 140-fold (Table I) . Single bands were obtained on gradient and SDS-PAGE (Fig. 2) . No spurs or additional arcs were noted by either immunodiffusion or immunoelectrophoresis (Fig. 3) .
These observations and the single band obtained on IEF (Fig. 5) suggest that the inhibitor has been purified to homogeneity.
The purified inhibitor completely lost its activity when heated at 80°C for 30 s, or digested with papain or chymotrypsin; the latter treatment yielded peptide fragments as revealed by SDS-PAGE. unpublished data).
The effect of the inhibitor on the rabbit muscle phosphorylase a (Sigma, No. P-1261) was also tested, but no inhibition was found. This result could be expected. The sequence of the Nterminal 104 residues of potato phosphorylase was determined by Nakano et al. (18) . A comparison of this sequence with the complete sequence of the rabbit muscle enzyme (25) shows that the N-terminal 33-residue regions are completely different from each other. As this region is responsible for both allosteric and covalent controls in the rabbit enzyme (4), the dissimilarity may explain the difference in regulatory properties between the two enzymes (6). Amino Acid Composition. The H-type amino acid composition of the inhibitor is shown in Table II (Fig. 7A ). In addition, the cell wall also highly fluoresced (Fig. 7A) . When the sections of a very young root in size no more than 1 cm in diameter were tested, distinct fluorescence was also shown by the same subcellular sites (figures not shown). In control experiments, which were performed with preimmune rabbit serum as the primary antibody, the fluorescence of amyloplast and cell wall could hardly be detected (Fig. 7B) Presence of the Inhibitor in Other Plants. Figure 8 shows that cross-reacting materials ofrabbit anti-sweet potato phosphorylase inhibitor were present in three arbitrarily selected plant materials, viz. potato tuber, spinach leaf, and rice grain. The precipitin lines formed with the three plant extracts completely fused, while spurs toward wells containing the crude extracts (wells B and C) were found; this means that the sweet potato inhibitor has additional unique antigenic determinants detected by the antiserum. In addition, two precipitin lines were observed for each of these samples, indicating that there could be two forms of phosphorylase inhibitors in these plant tissues with one dominant over the other. Providing the diverse occurrence ofphosphorylase inhibitor in different species (mono-and di-cotyledons) and organs (root, tuber, leaf and grain), it may be reasonable to conclude that this inhibitor is of universal occurrence in higher plants. Although starch phosphorylase has been purified from a variety of sources (1, 2, 14, 20, 21) , no report of its inhibitor of protein nature has appeared. Why it has escaped detection for so long is an intriguing question.
Hammond and Preiss (7) reported an ATP-stimulated inactivating factor(s) of starch phosphorylase. However, the inactivation appeared to be due to proteinase action. The discovery of starch phosphorylase inhibitor implies the presence ofa new type of regulatory mechanism of the enzyme in plants, which may be completely different from that of the glycogen phosphorylase system. 
